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ORZFRVW FU\VWDO DQG ELOO RI PDWHULDOV 7KH KLJK VHQVLWLYLW\
FRPELQHG ZLWK WKH LQWHJUDWHG ௓G%P SRZHU DPSOLILHU \LHOGV
LQGXVWU\ OHDGLQJ OLQN EXGJHW PDNLQJ LW RSWLPDOO\ ILW IRU
LPSOHPHQWDWLRQZLWKDQ\UDQJHRUUREXVWQHVVUHTXLULQJDSSOLFDWLRQ
$GGLWLRQDOO\ WKH /R5D70 WHFKQLTXH KHOSV DOVR LQ SURYLGLQJ
VLJQLILFDQW EORFNLQJ DQG VHOHFWLYLW\ DGYDQWDJHV UHODWLYH WR WKH
FRQYHQWLRQDO PRGXODWLRQ WHFKQLTXHV WKXV HQDEOLQJ WR
VLPXOWDQHRXVO\ VROYH WKH WUDGLWLRQDOO\ RIWHQ HQFRXQWHUHG LVVXH RI
GHVLJQ FRPSURPLVH EHWZHHQ UDQJH LQWHUIHUHQFH LPPXQLW\ DQG
HQHUJ\FRQVXPSWLRQIDFWRUV
5HJDUGLQJWKH$GDIUXLW8OWLPDWH*36PRGXOHLWLVFRQVWUXFWHG
DURXQG WKH07. FKLSVHW D QRQRQVHQVH KLJKTXDOLW\ *36
PRGXOH WKDW FDQ WUDFN XS WR  VDWHOOLWHV RQ  FKDQQHOV ,W LV
HTXLSSHG ZLWK DQ H[FHOOHQW KLJKVHQVLWLYLW\ UHFHLYHU í௓G%P
WUDFNLQJDQGDEXLOWLQDQWHQQD,WFDQSHUIRUPXSWRWHQORFDWLRQ
XSGDWHV SHU VHFRQG IRU KLJK VSHHG KLJK VHQVLWLYLW\ ORJJLQJ RU
WUDFNLQJHQGV$VIRUWKHSRZHUFRQVXPSWLRQUDQJHLWLVLQFUHGLEO\
ORZUHDFKLQJMXVW௓P$GXULQJQDYLJDWLRQ
&RQFHUQLQJ WKH %6 LW FRQVLVWV RI D 5DVSEHUU\ 3L  >@ FDUG








7KH6PDUW&DQH DSSOLHV DPXOWLVWDJH WKUHVKROGLQJPHWKRGEDVHG
RQ DFFHOHUDWLRQ GDWD DVVRFLDWHG ZLWK WKH IDOOGHWHFWLRQ DQG VWHS
FRXQWLQJ DOJRULWKP )RU WKH WKUHVKROG YDOXHV WR EH UHDFKHG ZH
FRQVLGHU WR DQDO\VH ERWK RI WKH OLQHDU DFFHOHUDWLRQ DQG JUDYLW\
DFFHOHUDWLRQUHODWHGGDWDRQFHWKHSHUVRQIDOOVRUPDNHVDVWHS
)ROORZLQJDQDO\VLVRI WKH VHQVRUUHODWHGGDWDRQHFDQ LGHQWLI\
WKH IDOOUHODWHG WKUHHVWHS SURFHVV L WKH IDOO LWVHOI LL WKH FDQH
DVVRFLDWHG KRUL]RQWDO SRVLWLRQ DQG LLL WKH SHUVRQ UHODWLQJ
LQDFWLYLW\7KHLPSOHPHQWHGIDOOGHWHFWLRQDOJRULWKPLVH[SODLQHGLQ
)LJ
$V IRU WKH VWHS FRXQWLQJ SURFHVV WKH FDQH JHQHUDWHV DQ
DFFHOHUDWLRQSURFHGXUHRQWKH]D[LVDQGWKH\D[LVRIDPLQLPXP
WKUHVKROGRI௓PV
$V IRU WKH *36 UHOHYDQW GDWD WKH V\VWHP NHHSV SHUSHWXDOO\
DVNLQJIRU WKHQHZO\RFFXSLHGSRVLWLRQ2QFHXQDYDLODEOHHJDQ
LQGRRU ORFDWLRQ WKH FDQHZRXOG VHQG WKHPRVW UHFHQWO\ UHFRUGHG
*36 SRVLWLRQ DORQJ ZLWK WKH DVVRFLDWHG GDWH DQG WLPH GDWD:H






7KH UDGLR WUDQVPLVVLRQ DV LPSOLHG LQ RXU FDVH VWXG\ FRQWH[W
DSSOLHVDIUHTXHQF\EDQGRID W\SH,60,QGXVWULDO6FLHQWLILFDQG
0HGLFDO ௓0+] $FWXDOO\ WKH ,60 EDQGV >@ DUH IUHTXHQF\
EDQGV OLDEOH WR WKH DSSOLFDWLRQ LQ D VPDOO VSDFH IRU LQGXVWULDO
VFLHQWLILFPHGLFDOGRPHVWLFRUVLPLODUSXUSRVHV
,Q HIIHFW IRU DQ\RQH XVLQJ D UDGLR WR FRPPXQLFDWH DFURVV D
VSHFLILFUDQJHGLVWDQFHZKDWHYHUWKHW\SHRIFRPPXQLFDWLRQPLJKW
EH WKH UDQJH FDSDELOLW\ XVXDOO\ VWDQGV DV DQ LQHYLWDEO\ SULPDU\
FRQFHUQZKLFKHQWLFHVXVWRPDNHDIXUWKHUDWWHPSWLQDELGWRILQG




























,Q LWV EDVLF IRUP WKH HTXDWLRQ VWDWHV WKDW WKH VWUHQJWK RI WKH
HOHFWURPDJQHWLFUDGLRZDYHUHFHLYHGDWVRPHORFDWLRQLVDIXQFWLRQ
RI D WKH VWUHQJWK RI WKH RULJLQDO WUDQVPLWWHG VLJQDO E WKH
DQWHQQDV¶ SHUIRUPDQFH DW ERWK RI WKH WUDQVPLWWHU DQG UHFHLYHU
OHYHOVFWKHZDYHOHQJWKFRUUHVSRQGLQJWRWKHRSHUDWLRQIUHTXHQF\
DQGGWKHGLVWDQFHVHSDUDWLQJWKHWUDQVPLWWHUDQGUHFHLYHU
7KH)ULLVHTXDWLRQDV IRUPXODWHG LQGHFLEHO IRUP WXUQVRXW WR
EH
PR dB = − 20log
λ
4π
− 10nlog d + PT + GT + GR 











:KLOH LQ GHFLEHO IRUP ZKHUH*7ௗ ௗ*5ௗ ௗ LW WKH SDWK ORVV LV
GHVFULEHGDV


























FKDQQHO DUH   DQG ௓N+] ZLWK UHJDUG WR WKH ௓0+]
EDQG HQDEOLQJ WR DFKLHYH DPD[LPXP UDWH RI ௓NELWV WKURXJK D
EDQGZLGWKRI௓N+]DQGD6)RI
1RWHZRUWK\ DOVR LV WKDW WKH 5) PRGXOH IHDWXUHV IRXU
FRQILJXUDWLRQVVSHFLILFDOO\
 %DQGZLGWKௗ ௗ௓N+] &U (UURU FRUUHFWLRQ UDWHௗ ௗ 6I
6SUHDGLQJIDFWRUௗ ௗ௓FKLSVV\PERO
 %Zௗ ௗ௓N+]&Uௗ ௗ6Iௗ ௗ௓FKLSVV\PERO
 %Zௗ ௗ௓N+]&Uௗ ௗ6Iௗ ௗ௓FKLSVV\PERO
 %Zௗ ௗ௓N+]&Uௗ ௗ6Iௗ ௗ௓FKLSVV\PERO
:LWKUHVSHFWWRRXUVWXG\FDVHZHFRQVLGHULWUDWKHUFRQYHQLHQWWR
DSSO\ WKH IRXUWK FRQILJXUDWLRQ DV LW GLVSOD\V WKH KLJKHVW 6) DQG
VPDOOHVW%:UDQJH
$IWHU DGMXVWLQJ WKH FRQILJXUDWLRQ YDOXH ZH SURFHHG ZLWK
GHWHUPLQLQJ WKH IRXU WUDQVPLVVLRQ SURWRFRO DVVRFLDWHG PRGHV
QDPHO\ WKH QRUPDO PRGH VOHHSPRGH IDOOLQJPRGH DQG UHTXHVW
PRGHDVGHWDLOHGEHORZ
7KHQRUPDOPRGH LW LVDFWLYDWHG WKURXJKRXW WKHFDQH
VPRWLRQ
SURFHVV LHZKHQ LW LVPRYLQJ ,Q WKLV FDVH WKH WUDQVPLWWHU QRGH
XQGHUWDNHV WR VHQG D IUDPH WR WKH %6 RQ D UHJXODU EDVLV




IUDPH WR WKH %6 RQ DQ KRXUO\ EDVLV LQWHUYDO 6KRXOG WKH FDQH
UHVXPHLWVPRWLRQVWDWHDQHZWKHQRUPDOPRGHLVWKHQDFWLYDWHG
7KHUHTXHVWPRGHLWLVDVWDWHGXULQJZKLFKWKH%6SURSRVHVWR
VHQG D UHTXHVW IUDPH WR WKH FDQH SRVLWLRQHG QRGH 7KH IUDPH
HQFDSVXODWHGGDWDDUHGHWDLOHGLQ7DEOH
7KH IDOOLQJ PRGH WKLV VWDWH LV DFWLYDWHG ZKHQHYHU D IDOO LV
GHWHFWHG ,Q WKLV FDVH WKH WUDQVPLWWHU QRGH XQGHUWDNHV WR VHQG D
UHJXODUIUDPHWRWKH%6HYHU\௓PVWRYLVXDOLVHWKHVWDWHRIWKH





$PDWKHPDWLFDO PRGHO FRQVLVWV RI WKH V\VWHP
V GHVFULSWLRQ XVLQJ







































RI WKH RYHUDOO V\VWHP DQG D FOHDU H[DPLQDWLRQ RI WKH GLIIHUHQW
FRPSRQHQWV¶ DVVRFLDWHG HIIHFWV 7KLVPRGHOOLQJ SURFHGXUH LV DOVR
KHOSIXO IRU FHUWDLQ SUHGLFWLRQV WR EH PDGH DV WR WKH DSSURSULDWH
EHKDYLRXU5HJDUGLQJRXUSDUWLFXODU FRQWH[W D GHVFULSWLRQZLOO EH


































,Q WKLV VHFWLRQGHVFULSWLRQRI WKH ,R7PHVVDJHGHVLJQ LVSURYLGHG
EDVHGRQWKH0477SURWRFRODVILWIRULPSOHPHQWDWLRQWRRXU0
+HDOWKVFHQDULR
7DEOH  KLJKOLJKWV WKH ,R7 PHVVDJH DV DSSOLFDEOH ZLWK WKH
0477SURWRFRO IXQFWLRQLQJ7KH ,R7PHVVDJHV UHODWH WR WKHFDQH
DVVRFLDWHGLQIRUPDWLRQLQIRUPDWLRQUHTXHVWDVZHOODVIDOOGHWHFWLRQ




$V GHSLFWHG LQ 7DEOH  D GHWHUPLQDWLRQ RI WKH WRSLF
PDQDJHPHQW V\VWHP DV UHODWLQJ WR 0477 FRPPXQLFDWLRQ LV
GHILQHG IRU WKHPRVW RSWLPXP VHFXULW\ DQG UHOLDELOLW\ OHYHO WR EH
DWWDLQHG7RQRWHWKHV\PEROµ¶GHQRWHVDQ\VWULQJFKDUDFWHUDQG
WKHWRSLFLVFRQFHLYHGWRLQYROYHWKUHHPDMRUSDUWVQDPHO\
 7KH QRPHQFODWXUH &$1(7 GHVLJQDWHV RXU SURSHU PRQLWRULQJ
V\VWHP
 7KH $SSFRGH VWDQGV IRU WKH FRGH DWWULEXWHG WR HDFK GLIIHUHQW
DSSOLFDWLRQ
 7KH &DQH,' GHQRWHV WKH ZDONLQJ FDQH DWWULEXWHG LG GHULYHG
IURPWKH5)IUDPHIRUPRUHUREXVWGDWDUHOLDELOLW\SXUSRVHV
7KH FRPPXQLFDWLRQ SURFHVV DV XQGHUWDNHQ YLD WKH 0477 LV
H[SODLQHG LQ GHWDLOV WKURXJK )LJ  $FFRUGLQJO\ WKH FDQH NHHSV






WDEOH 7KXV WKH 0477 FOLHQW VKRXOG EH VXEVFULEHG WR WKH
FRUUHVSRQGLQJWRSLFWREHDEOHWRUHFHLYHWKHPHVVDJHDQGPDNHWKH
UHOHYDQWLQWHUDFWLRQVQHFHVVDU\
)RU WKH GDWD WUDQVPLVVLRQ IUHTXHQF\ WR EH PLQLPLVHG DQG WKH
UHTXHVW QRWLILFDWLRQ V\VWHP WR EH HQDEOHG WKH UHTXHVW QRWLILFDWLRQ








UHTXHVWIRULQIR &$1HWUHFDSSFRGH 0477FOLHQW EDVHVWDWLRQ




,Q WKLV VFHQDULR WKH0477 FOLHQW SURFHHGVZLWK SXEOLVKLQJ D
PHVVDJH WR WKH WRSLF µ&$1HWUHFDSSFRGHFDQHLG¶ UHTXHVWLQJ WR
XSGDWH WKH FDQH DVVRFLDWHG LQIRUPDWLRQ IRU WKH QRUPDO VOHHS RU
IDOOLQJPRGHVWREHDFWLYDWHG7KHQWKH%6VXEVFULELQJWRWKHWRSLF
µ&$1HWUHFDSSFRGH¶ ZLOO UHFHLYH WKH PHVVDJH DQG SHUIRUP DQ
LQIRUPDWLRQ UHTXHVWSURFHVVGLUHFWHG WR WKH FDQHXVLQJFDQHLG DV
GHULYHG IURP WKH WRSLF ,W FRQVLVWV LQ VHQGLQJ D UHTXHVW IUDPH DV
GUDZQ IURP WKH UHFHLYHU DQG WKHQREWDLQLQJ DQRWKHU IUDPH WR EH
UHVHQWWRWKHVSHFLILHGWRSLFKHDGLQJ
௑([SHULPHQWVDQGUHVXOWV
,Q WKH ILUVWSODFH DXQLTXHHOHFWURQLFFDUGKDVEHHQGHVLJQHGDQG
FRQVWUXFWHG WR ILW IRU LPSOHPHQWDWLRQ LQ WKH WUDQVPLWWHU QRGH
)LJHTXLSSHGZLWKDQDSSURSULDWHEDWWHU\)LJ
$FWXDOO\ D 5DVSEHUU\ 3, ERDUG KDV EHHQ HTXLSSHG ZLWK D
&KLVWHUD 3L UDGLR LQWHUIDFH ERDUG $W WKLV OHYHO D 3\WKRQ
SURJUDPPLQJ ODQJXDJH LV DSSOLHG WR GHYHORS D SDUWLFXODU VFULSW




7KH FRQFHLYHG GHVLJQ KDV EHHQ WHVWHG LQ WKH )UHQFK FLW\ RI




FDQHV ZHUH XVHG E\ WZR HOGHUO\ SHRSOH WKURXJKRXW D ௓K WLPH
LQWHUYDO DQG FHUWDLQ YDOXHV LQFOXGLQJ EDWWHU\ FRQVXPSWLRQ
WUDQVPLVVLRQHIILFLHQF\DQGPD[LPXPGLVWDQFHZHUHEHLQJWHVWHGLQ
WKHPHDQZKLOH
7R WKLV HQG D VSHFLDO 0477 EURNHU ZDV FRQVWUXFWHG RQ D
SULYDWH VHUYHU WR VHUYH DV D SODWIRUP ZKHUHE\ WKH ,R7 VHUYLFHV
DSSOLHGWRPRQLWRUWKHFDQHFRXOGEHPDLQWDLQHGYLDDVPDUWSKRQH
,Q D VHFRQG SODFH D VHFXUH IDOO UHVHUYHG SODWIRUP KDV EHHQ
FRQVWUXFWHGIRUH[SHULPHQWDOSXUSRVHV,WFRQVLVWVLQDVRIWFXVKLRQ
IRUWKHSHUVRQWRIDOORYHUZLWKRXWGDPDJHDQGDKDUGHUVXUIDFHWR
PRQLWRU WKH FDQH IDOO 7KH FXVKLRQ SRVLWLRQV DQG RULHQWDWLRQV DUH
DGMXVWHG LQ DFFRUGDQFH WR GLIIHUHQW IDOOPRGHV$Q HOGHUO\ SHUVRQ
ZDVVHOHFWHGWRSHUIRUPDOOW\SHVRIIDOO7KHDWWDLQHGUHVXOWVZHUH
WKHQ FRPSDUHG WR WKH 6PDUW IDOO >@ DWWHPSWV DV ILJXULQJ RQ
7DEOH
7DEOH  ILJXULQJ UHVXOWV SURYH WR H[KLELW D GHWHFWLRQ UDWH RI



















RI IDOVHSRVLWLYH UDWHZKLOH SHUIHFWO\ VROYLQJ WKH VLWWLQJ VWDQGLQJ
DVZHOODVODSOD\LQJDVVRFLDWHGSUREOHPVRULQFRQYHQLHQFHV









 6LW DQG VWDQG VWDQGLQJ XS ZLWK WKH FDQH
V KHOS IROORZLQJ D
VLWWLQJSRVLWLRQ




 )UHH IDOO VLPXODWHV DQ XQREVWUXFWHG WRSSOH RI WKH FDQH GXH WR
ORVV RI FRQWURO 7KH VXEMHFW GRHV QRW IDOOZLWK WKH FDQH LQ WKLV
FDVH
)RU D KLJK PHVVDJLQJ UHOLDELOLW\ DVSHFW WR EH PDLQWDLQHG WKUHH
TXDOLW\ RI VHUYLFHV 4R6 OHYHOV WXUQ RXW WR EH VXSSRUWHG WKURXJK
WKH 0477 :LWK UHVSHFW WR WKH KLJKHVW 4R6 OHYHO PRUH SDFNHW
H[FKDQJH SURYHV WR SUHYDLO ,QGHHG WKH KLJKHU WKH 4R6 VHUYLFH
OHYHO LV WKHPRUH HIIHFWLYH LW WXUQV RXW WR EH LI QRPHVVDJH ORVV
VWDQGVDVWKHPDMRUDLPRUUHTXLUHPHQW
7KHZLUHOHVVQHWZRUNUHODWHGPHVVDJHORVVDQGHQGWRHQGGHOD\
KDYH EHHQ LQYHVWLJDWHG DORQJ ZLWK WKH UHOHYDQW FRUUHODWLRQ
GLVSOD\VLQWHUPVRISD\ORDGDQG4R6OHYHOV7KHHQGWRHQGGHOD\
DV UHFRUGHG WR SHUVLVW EHWZHHQ WKH %6 DQG DQ 0477 FOLHQW DV
DVVRFLDWHG ZLWK WKH WKUHH 4R6¶ OHYHOV¶ WUDQVPLVVLRQ ORDGV DUH
WHVWHG LQ FRQIRUPLW\ WR DPHVVDJH VL]H FDVH WKDW LV LQIHULRU WR௓
NE\WHV
$V GHSLFWHG LQ 7DEOH  WKH DWWDLQHG UHVXOWV SURYH WR LQGLFDWH
ZHOOWKDWWKHGHOD\JDSSHUVLVWHQWEHWZHHQWKH426DQG426LV
RIDUDWHRIMXVW௓VZKLOHWKHWUDQVPLVVLRQHIILFLHQF\WXUQVRXWWR
EH QRWLFHDEO\ KLJKHU FRQFHUQLQJ 426  ZLWK QR PHVVDJH ORVV
EHLQJ UHFRUGHG+HQFHZHFRQVLGHU LWPRUHDSSURSULDWH WRDSSO\
WKH4R6OHYHO
$V UHJDUGV WKH FDQHEDWWHU\ DVVRFLDWHG HOHFWULFLW\ FRQVXPSWLRQ
OHYHO LW LVPHDVXUHGRQD௓KEDVLVKLJKOLJKWLQJ WKDWERWKRI WKH




WKDW WKH FRQQHFWLRQ SURYHV WR ZLWQHVV FHUWDLQ GLVUXSWLRQV +HQFH
IURP WKH UHFRUGHG SRZHU UDWHV DQG V\VWHP VWDELOLW\ SHUVSHFWLYHV
RQH LVHQWLFHG WRFRQVLGHU WKDW WKHJHQHUDO VHOHFWLRQRI7ௗ ௗ௓PLQ
WXUQV RXW WR EH D UDWKHU ILW FKRLFH &RPSXWHG LQ WHUPV RI7ௗ ௗ௓
PLQWKHKRXUO\UDWHRIHOHFWULFLW\FRQVXPSWLRQDSSHDUVWREH௓-





 &RQILJ%Zௗ ௗ௓N+]&Uௗ ௗ6Iௗ ௗ௓FKLSVV\PERO
 &RQILJ%Zௗ ௗ௓N+]&Uௗ ௗ6Iௗ ௗ௓FKLSVV\PERO
 &RQILJ%Zௗ ௗ௓N+]&Uௗ ௗ6Iௗ ௗ௓FKLSVV\PERO
 &RQILJ%Zௗ ௗ௓N+]&Uௗ ௗ6Iௗ ௗ௓FKLSVV\PERO
)LJ  LQGLFDWHV ZHOO WKDW WKH EHVW FRQILJXUDWLRQ IRU D ORQJUDQJH




UDWH IDFWRU GRHV QRW VHHP WR EH KLJKO\ HVVHQWLDO VLQFH WKH SDFNHW
VL]HSURYHVWREHORZHUWKDQ௓NR
௑&RQFOXVLRQ
,Q WKH SUHVHQW ZRUN D QRYHO HOGHUO\ ZDONLQJ PRQLWRULQJ
DUFKLWHFWXUHLVSXWIRUZDUGZKLFKXVHVWKH/R5DPRGHOIRUDORQJ
UDQJHDQGORZSRZHUFRPPXQLFDWLRQWRWDNHSODFHDQGWKH0477
SURWRFRO IRU LQWHURSHUDELOLW\ WREHPDLQWDLQHG ,QD ILUVWSODFH WKH





D WHHQV\ FDUG DQG DQ/60'/+&PDJ VHQVRUZLWK D*36
PRGXOH DORQJ ZLWK D /R5D WUDQVFHLYHU FRQQHFWHG WR D %6
5DVSEHUU\3LZLWK6KLHVWHUD3LZKLFKVHUYHVWRVHQGPHVVDJHVWR
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